In the thermal spraying process, the porosity of ceramic coatings contributes directly to the efficiency of the thermal insulation. The size, shape, and distribution of the pores determine the level of both thermal and sintering resistance. In this work, three different atmospheric plasma sprayed (APS) alumina coatings were fabricated with the same spraying parameters using alumina powders with fine, medium, and coarse particle size. The microstructure of the obtained coatings was analyzed regarding the obtained total porosity, pore size, and pore shape. It was found that it is expedient to divide the pore size range into fine, medium, and large sizes. The shape was characterized with regard to the circularity aspect. In this way, all types of cracks can be considered as oblate pores and were included in the calculation of the total porosity. In the case of using fine feedstock powder, the densest coatings were produced among all coatings, and the fraction of fine pores and cracks are thereby substantially higher. However, the total porosity increases with increasing feedstock powder size. A connection was also made between thermal insulation and porosity fraction which includes fine pores and cracks. these various pores is important, as they influence ceramic coating properties and its behavior in service, particularly, the thermal conductivity [10, 11] .
Introduction
Thermal spraying technique is designed to add additional thermal and mechanical properties to base substrate materials. The applied coating enables the substrates to operate in harsh conditions. Ceramic coatings, for example, are particularly suitable for the use as very good thermal and electrical insulators. However, atmospheric plasma spraying (APS) is the most appropriate process, due to the high temperatures that the plasma jet provides, and is used for melting, and thus depositing, ceramic materials [1] . Ceramic coatings also improve the resistance of steel components against corrosion, wear, and erosion. For these reasons, they have been widely investigated [2] [3] [4] [5] . This kind of coatings found their use in automotive and aerospace industries, where internal components normally operate in extreme temperatures [6] .
Pores and cracks with various sizes and morphologies are inherent features of thermally sprayed coatings, which are generated during the deposition process and entrapped between the splats. The microstructure of ceramic coatings, in particular, exhibit defects such as globular pores, delaminations or interlamellar pores, and micro-cracks which compose the coating's porosity. Incomplete contact between contiguous splats and the presence of unmelted particles result in the formation of large globular pores [7] . Delaminations in form of crack-like pores between lamella arise because of the rapid splat solidification and high velocity impingement of the molten particles. The relaxation of tensile quenching stresses leads to the formation of fine cracks [8, 9] . Characterizing 
Porosity Analysis
To quantitatively evaluate the porosity of the produced depositions, cross-sectional metallographic samples were prepared for the investigations. A series of SEM images with different magnification factors for each cross-section were taken by a field-emission scanning electron microscope (Joel, JSM-7001F FESEM). For the porosity measurements, ten images along the crosssection were taken randomly, central to the coating's thickness, for a cross-section of each coating type. The images were magnified with a magnification factor of 1000×, which enables the detection of 0.1 µm-sized features. The image brightness was reduced, whereas the contrast was increased to facilitate the image analysis software to accurately detect the porosity. Additionally, a very low accelerating voltage (1.0 kV) and a low probe current (8-10 µA) were used so that the contrast between the pores and coating's matrix was enhanced. Furthermore, backscattering electrons feature were used to enhance the quality of the obtained SEM images. An image analysis was performed using Jimage J1.49r software (provided by the National Institutes of Health, Bethesda, MD, USA) [24] on SEM images at 1000×. Image filtering was applied to remove noise followed by image segmentation by thresholding, which have produced binary images; the zero-threshold level (black) was assigned to the pores and the one level (white) was assigned to the alumina solid state. Subsequently, the pores were measured and categorized according to three area ranges: Fine (0-1 µm 2 ), medium (1-10 µm 2 ), and large (>10 µm 2 ). Moreover, the medium pore size range (1-10 µm 2 ) for the porosity of the three coatings was further classified in terms of their circularity (Cir. <0.5), where circularity is a measuring unit of pore spheroids. The more a pore becomes spherical, the circularity approaches unity and when pores become more elongated or narrow, circularity decreases. The circularity is defined as [24] Cir. = 4π (A/p2) (1) 
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where "A" is the pore area and "p" is the pore perimeter. Various shapes of pores and cracks of different sizes in a cross-sectional SEM image for typical ceramic coating are identified in Figure 2 , whereas the process of pore classification is shown in Figure 3 .
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Characterization
A thermal spray sensor (AccuraSpray G3, Tecnar Co., St-Bruno-de-Montarville, QC, Canada) was used to measure the temperature and velocity of in-flight particles prior the process of samples deposition. The system-the thermal sensor-was positioned so that measurements are taken exactly at the spray distance listed in Table 1 .
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Microhardness measurements were carried out at room temperature on polished cross-sections that represent the three as-sprayed coatings using a Vickers micro-indenter (Leco M-400, Ebersbach an der Fils, Germany). The indentations were performed with a load of 2.94 N for a dwell time of 15 s. Standard spacing was used between the indentations (at least three times the diagonal) to ensure that no further stresses were produced by the interaction between the consecutive indentations.
Results and Discussion

Image Processing Analysis
The SEM images of the as-sprayed coatings were used to analyze the porosity of the coatings produced from the three powders.
The porosity level variation in the three coatings is shown in Figure 4 . It can be observed that fine pores with an almost spherical shape are uniformly distributed along the coating produced from the fine powder. As the particle size increases with medium and coarse powders, more pores of larger sizes are visible and the porosity distribution becomes nonuniform. The image analysis performed on SEM images of coating's cross sections showed that the average total porosity of fine-, medium-, and coarse-powder coatings are 0.93%, 2.47%, and 5.55% of coating area, respectively. It should be noted here that, in the present work, the measurement unit used is the area percentage (area %), which is almost the same as the volume percentage (vol.%). The lower levels of measured porosities (especially for the fine-powder coating) could be related to the high melting degree of the deposited particles and also to the metallurgical preparation process of the cross sections used to get SEM images in which part of the open porosity disappeared, leading to under evaluate the porosity measurement. Taking this into consideration, the porosity measurements are in agreement with the reported data for porosity range of ceramic coatings [12] [13] [14] .
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Image Processing Analysis
The porosity level variation in the three coatings is shown in Figure 4 . It can be observed that fine pores with an almost spherical shape are uniformly distributed along the coating produced from the fine powder. As the particle size increases with medium and coarse powders, more pores of larger sizes are visible and the porosity distribution becomes nonuniform. The image analysis performed on SEM images of coating's cross sections showed that the average total porosity of fine-, medium-, and coarse-powder coatings are 0.93%, 2.47%, and 5.55% of coating area, respectively. It should be noted here that, in the present work, the measurement unit used is the area percentage (area %), which is almost the same as the volume percentage (vol.%). The lower levels of measured porosities (especially for the fine-powder coating) could be related to the high melting degree of the deposited particles and also to the metallurgical preparation process of the cross sections used to get SEM images in which part of the open porosity disappeared, leading to under evaluate the porosity measurement. Taking this into consideration, the porosity measurements are in agreement with the reported data for porosity range of ceramic coatings [12] [13] [14] . In general, the total porosity levels for all coatings increases when increasing the feedstock powder particle size is increased. This increase is mainly due to the simultaneous increase of both the number and size of large pores, whereas fine and medium pores decrease.
As all spray parameters were kept constant for the three powders, fine-powder particles were exposed to a higher in-flight temperature and velocity (2620 °C, 415 m/s on average) than mediumand coarse-powder particles (2530 °C and 365 m/s, and 2390 °C and 330 m/s on average, respectively).
Also, thickness measurements of the three coatings revealed that coarse-powder produce thicker coatings than medium-and fine-powders (average thicknesses were 668, 475, and 180 µm, respectively).
The porosity of the three coatings was evaluated quantitatively and classified into three area ranges. Subsequently, the average of each pore range was calculated. The porosity evaluation was based on ten measurements of ten different SEM images for each coating sample. Given the average of each pore range and average total porosity for each sample, the fraction of each pore range was calculated. Additionally, the medium pore range (1-10 µm 2 ) for each sample was also classified according to the pore's circularity.
For the medium pore range of each coating type, the shape of the pores is crucial with regard to the thermal insulation property as pores with a low circularity (circularity <0.5) highly contribute to the thermal insulation property in comparison to pores with a high circularity (circularity >0.5). These measurements are visualized in Figure 5 . It can be seen that the fine-powder coating possesses a higher percentage of fine-pores and medium-pores ranges (34.4% and 62.3%, respectively) than the medium-powder and coarse-powder coatings (15% and 45%, and 6% and 27%, respectively). While more than 60% of the medium-pore range for fine-powder coatings exhibit a circularity of <0.5, medium-powder and coarse-powder coatings exhibit less than half (48.2% and 48%, respectively) of medium-pore range with the same circularity. In general, the total porosity levels for all coatings increases when increasing the feedstock powder particle size is increased. This increase is mainly due to the simultaneous increase of both the number and size of large pores, whereas fine and medium pores decrease.
As all spray parameters were kept constant for the three powders, fine-powder particles were exposed to a higher in-flight temperature and velocity (2620 • C, 415 m/s on average) than mediumand coarse-powder particles (2530 • C and 365 m/s, and 2390 • C and 330 m/s on average, respectively).
For the medium pore range of each coating type, the shape of the pores is crucial with regard to the thermal insulation property as pores with a low circularity (circularity <0.5) highly contribute to the thermal insulation property in comparison to pores with a high circularity (circularity >0.5). These measurements are visualized in Figure 5 . It can be seen that the fine-powder coating possesses a higher percentage of fine-pores and medium-pores ranges (34.4% and 62.3%, respectively) than the medium-powder and coarse-powder coatings (15% and 45%, and 6% and 27%, respectively). While more than 60% of the medium-pore range for fine-powder coatings exhibit a circularity of <0.5, medium-powder and coarse-powder coatings exhibit less than half (48.2% and 48%, respectively) of medium-pore range with the same circularity.
In contrast, coarse-powder coatings possess a higher percentage of large-pore ranges (67%) than medium-powder and fine-powder coatings (40% and 3.3%, respectively).
The measurements above for porosity fractions (considering medium-and coarse-powder coatings) are well in agreement with the recorded literature data [25, 26] . Deshpande et al. [25] prepared APS alumina and YSZ coatings by powders of different size distributions and morphologies. They reported that for the APS alumina coatings prepared by 15-50 µm particle size and spherical morphology powder, the crack network and fine pores together represent only one-third of the total porosity.
Huang et al. [26] prepared different YSZ coatings using different spray parameters and measured the total porosity and number of pores in a prespecified scanning area. They also classified pores in terms of aspect ratio (big & small pores) and orientation (horizontal & vertical) to investigate their influence on thermal conductivity of the coatings. They reported that large pores (pore area greater than 2 µm 2 ) represent~80% of the total porosity, whereas only 20% is the porosity fraction of small pores (pore area less than 2 µm 2 ). In contrast, coarse-powder coatings possess a higher percentage of large-pore ranges (67%) than medium-powder and fine-powder coatings (40% and 3.3%, respectively).
Huang et al. [26] prepared different YSZ coatings using different spray parameters and measured the total porosity and number of pores in a prespecified scanning area. They also classified pores in terms of aspect ratio (big & small pores) and orientation (horizontal & vertical) to investigate their influence on thermal conductivity of the coatings. They reported that large pores (pore area greater than 2 µm 2 ) represent ~80% of the total porosity, whereas only 20% is the porosity fraction of small pores (pore area less than 2 µm 2 ). Table 2 lists porosity fractions measured through the present work compared to literature data. 
Microhardness
Microhardness tests showed the effect of the coating porosity on microhardness values of the three coatings. Table 3 lists the average microhardness values of the three coatings along with the deviations of these measurements. In comparison to medium-and coarse-powder coatings, finepowder coatings have the highest microhardness value due to their denser microstructure and lower total porosity. It is noticeable that the deviation value associated with the average microhardness value for the coarse-powder coating is higher than that of the medium-and fine-powder coatings. This can be attributed to the nonuniform distribution of large-and medium-range pores along the coating. In contrast, fine-powder coatings possess the lowest deviation in microhardness value, due to the relative low distribution of pore-size and the very low fraction of large-range pores (3.3%). Table 2 lists porosity fractions measured through the present work compared to literature data. Table 2 . Measurements of porosity fractions from literature compared to present work measurements for coatings prepared by medium and coarse particle size.
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Microhardness
Microhardness tests showed the effect of the coating porosity on microhardness values of the three coatings. Table 3 lists the average microhardness values of the three coatings along with the deviations of these measurements. In comparison to medium-and coarse-powder coatings, fine-powder coatings have the highest microhardness value due to their denser microstructure and lower total porosity. It is noticeable that the deviation value associated with the average microhardness value for the coarse-powder coating is higher than that of the medium-and fine-powder coatings. This can be attributed to the nonuniform distribution of large-and medium-range pores along the coating. In contrast, fine-powder coatings possess the lowest deviation in microhardness value, due to the relative low distribution of pore-size and the very low fraction of large-range pores (3.3%). 
Phase Analysis
To justify the different ranges of the pore size distribution in the coatings, the phase composition of the three coatings was investigated and the measurements are given in Figure 6 . The three as-sprayed coatings consist of a mixture of α-Al2O3 and γ-Al2O3. However, the main phase was the γ-phase, with the α phase only occurring as a secondary phase. The α-phase is associated with un-melted sprayed powder particles or with melted particles cooled at a low rate. Generally, a high cooling rate leads to a high composition of a γ-phase [27] . The broad, flat area on the curve representing the fine-powder coating (Figure 6c ) indicates that larger amounts of particles were fully melted and their phase changed into a γ phase when compared to medium-and coarse-powders. This implies that higher fraction of fine-powder particles was fully melted when impinging at the substrate than those in medium-and coarse-powders, which is represented by the γ-phase. Un-melted and partially melted particles of coarse-and medium-powders within the coatings were the source of large pores formations. Therefore, the α-phase, which represents these particles in coarse-and medium-powder coatings (Figure 6a,b) , has a higher level in the composition than that of fine-powder coatings (Figure 6c ).
Thermal Insulation
The thermal insulation test applied on coatings of the same thickness (200 ± 10 µm) and produced from the three powders is shown in Figure 7 . It can be seen that the fine-powder coating possesses a comparable thermal insulation value when compared to the medium-powder coatings, although its total porosity (0.93%) is much lower than the total porosity of medium-powder coatings (2.47%). At the same time, coarse-powder coating exhibits the lowest thermal insulation although it has the highest porosity content among other coatings. This can be attributed to the high porosity fraction of large pores (67%) and to the low porosity fraction of medium-size pores (13%) that has a circularity factor less than 0.5.
As the porosity of fine-powder coatings consists mainly from pores and cracks of fine-and medium-range (96.7%), and it can be concluded that these ranges of pore sizes and shapes contribute largely to the thermal insulation property and play the primary role in determining thermal insulation value of coatings. The high thermal insulation exhibited by fine-powder coatings can be related to the greater number of interfaces between the pores and the matrix of the coating [16] . In addition, the relative high thermal insulation of fine-powder coatings can be related to the higher fine pore density (number of fine pores per unit area), as can be noticed in SEM images in Figure 4. has been reported that the number of pores plays a significant role in reducing the thermal conductivity of ceramic coatings [26] . They measured the thermal conductivity of plasma sprayed YSZ coatings and found that thermal conductivity is reduced from 1.4 to 0.8 W/(m.K), for coatings of higher pore number, although all coatings were having almost the same total porosity. This implies that a coating with big number of fine pores has lower thermal conductivity than a coating with small number of large pores. 
Conclusions
In this study, it was shown that the particle size of the feedstock starting powder has a fundamental effect on the porosity level as well as pore-size distribution, pore shape, and distribution of the overall porosity which highly influence the ultimate thermal coating properties, such as the thermal insulation and strain tolerance. According to the obtained results, the following conclusions can be drawn.

Coatings produced by fine-powders (i.e., fine particle size) exhibit more uniform pore distribution than coatings produced using medium-and coarse-powders. The pore size was in the range from few tenth nanometers to approximately 10 µm 2 . More than 95% of this range contributes highly to the coating's thermal insulation property due to the uniform distribution, pore size, and pore shape. 
As the starting powder's particle size increases, the percentage of fine and medium pore size ranges (0-1 and 1-10 µm 2 ) decreases, whereas the percentage of large pore-size ranges (>10 µm 2 ) increases. The increment in large pores greatly increases the total porosity with relatively low contribution to the coating's thermal insulation.  APS coatings fabricated by fine-powders have higher micro hardness values than coatings fabricated by medium-and coarse-powders due to their denser coatings. At the same time, finepowder coatings exhibit thermal insulation value comparable to thermal insulations of coatings Furthermore, large pores and medium pores of circularity >0.5 are of low significance and play only a secondary role in determining the thermal insulation property of coatings, although their presence in medium-and coarse-powder coatings increases greatly the overall porosity.
This finding is consistent with the reported data for thermal conductivity of ceramic coatings. It has been reported that the number of pores plays a significant role in reducing the thermal conductivity of ceramic coatings [26] . They measured the thermal conductivity of plasma sprayed YSZ coatings and found that thermal conductivity is reduced from 1.4 to 0.8 W/(m·K), for coatings of higher pore number, although all coatings were having almost the same total porosity. This implies that a coating with big number of fine pores has lower thermal conductivity than a coating with small number of large pores.
Conclusions
•
Coatings produced by fine-powders (i.e., fine particle size) exhibit more uniform pore distribution than coatings produced using medium-and coarse-powders. The pore size was in the range from few tenth nanometers to approximately 10 µm 2 . More than 95% of this range contributes highly to the coating's thermal insulation property due to the uniform distribution, pore size, and pore shape.
As the starting powder's particle size increases, the percentage of fine and medium pore size ranges (0-1 and 1-10 µm 2 ) decreases, whereas the percentage of large pore-size ranges (>10 µm 2 ) increases. The increment in large pores greatly increases the total porosity with relatively low contribution to the coating's thermal insulation. • APS coatings fabricated by fine-powders have higher micro hardness values than coatings fabricated by medium-and coarse-powders due to their denser coatings. At the same time, fine-powder coatings exhibit thermal insulation value comparable to thermal insulations of coatings produced by medium-powders despite of higher total porosity owned by medium-powder coatings. This is due to the higher contribution of the "effective porosity" in fine-powder coatings, represented by fine pores and cracks, and their homogeneous distribution within the coatings.
In addition, coarse-powder coatings exhibit the lowest thermal insulation although it has the highest porosity content among other coatings. 
